Introduction
. These types of studies were done during the past decade in Southern Turkey and provided new scientific contributions to the interpretation of the evolution of the Taurus Belt (e.g. Bozkaya & Yalç1n 2000 , 2004a ,b, 2005 , 2010 Bozkaya et al. 2002 Bozkaya et al. , 2006 . The aim of this study is to describe the diagenetic degree by means of clay mineralogy of the Paleozoic-Lower Mesozoic sedimentary rocks of SEAA units from the Arabian Platform, and to obtain some additional data related to petroleum maturity zones.
Stratigraphy and lithology
Paleozoic-Early Mesozoic successions in the Hazro area contain rock units called the Diyarbak1r, Tanin and Ç1gl1 Groups which are divided into several formations and were named in earlier studies (Schmidt 1964; Bozdogan et al. 1987; Perinçek et al. 1991; Y1lmaz & Duran 1997) (Fig. 2) . The Silurian-Early Triassic aged Diyarbak1r Group is made up of Dada (Upper Silurian-Lower Devonian), Hazro (Lower Devonian) and Kayayolu (Middle-Upper Devonian) Formations. The Tanin and Ç1gl1 Groups comprise Ka and Gomaniibrik (Upper Permian) and Yoncal1, Uludere and Uzungeçit (Lower Triassic) Formations, respectively. The Dada Formation, the lowermost unit in the area, crops out in the rims of the anticline, is an approximately 80 m thick sedimentary sequence of Late Silurian-Early Devonian age (Bozdogan et al. 1987) . It comprises mainly of shale, siltstone, mudstone and sandstone with rarely limestone intercalations. The organic matter types and contents of this formation are evaluated as a potential source rock for petroleum occurrence (Bozdogan et al. 1987) .
The Early Devonian aged Hazro Formation which crops out only in the Hazro area, is conformably overlain by the Dada Formation, and involves different lithologies in the lower, middle and upper parts of the sequence. The lower and middle parts of the formation are formed from dolomitic marls with dolomite intercalations and mudstone, sandstone and marls. The upper parts are made up of marls intercalated with poorly cemented sandstones with petroleum and dolomite lithologies.
The Late Permian aged Ka Formation discordantly overlies the Hazro Formation, and includes coal measures within the quartz arenitic sandstones and coaly shales. High contents of spores and pollen are characteristic for this formation (Agral1 & Akyol 1967) . Coaly levels are formed by four zones with various thicknesses, namely 1.00, 0.15, 0.30 and 1.00 m.
The Late Permian aged Gomaniibrik Formation is passed to the Ç1gl1 Group with conformable boundary and divided into three facies: A, B and C (Bozdogan et al. 1987) . The A, and C facies are composed of carbonate rocks, whereas B facies is made up of siliciclastic rocks. Carbonate levels include fossiliferous limestone, dolomite, dolomitic marl and clayey dolomites. Limestones are characterized by plentiful neritic fossils. Petroleum leakages were first observed in the fissures of dolomites during the field studies. Siliciclastic levels are represented by sandstone, mudstone and shale lithologies.
The Yoncalô, Uludere and Uzungeçit Formations of Ç1glô Group are of Early-Middle Triassic age (Köylüoglu 1986), and include mainly shale, limestone, dolomite, dolomitic marl and sandstone lithologies. Brownish-green shales with claret red sandstone interlayers in the lower levels are characteristic of the Triassic units, as stated by Aç1kba (1978) for the HakkariUludere area. Limestones with brachiopods, pinky dolomite, and green glauconite patched sandy limestone, white-pink sandstone and dolomitic marls were observed in the middle levels of the Ç1gl1 Group, whereas dolomite, sandstone and dolomitic shales were found in the upper levels of the Ç1gl1 Group.
Materials and methods
A total of 90 samples was collected along the measured stratigraphic sections, and analysed by optical (OM) and scanning electron (SEM) microscopy, vitrinite reflection (VR) and X-ray diffraction (XRD) methods.
VR measurements were fulfilled on the coal and organic matter-rich samples through polished blocks by Orthoplan microscope (Leitz-Wetzlar MPV-II) in the Department of Geological Engineering, Hacettepe University (Ankara, Turkey).
XRD analyses were done using a Rigaku DMAX IIIC diffractometer in the Department of Geological Engineering, Cumhuriyet University (Sivas, Turkey). The diffractometer conditions were arranged as CuK (1.541871 °A ), Ni filter, 35 kV, 15 mA, speed of goniometer = 0.5°/min, step 0.01°, 0.02°, 0.04°, time constant = 1 and 4 sec, slits = 1° 0.15 mm, 1° 0.30 mm, 2 interval = 2 = 2-30°, 5-35°, 59-63°, 5-65°, 16-32°. The semi-quantitative mineral amounts in the bulk and clay fraction ( < 2 µm) of sedimentary rocks were calculated by the external method of Brindley (1980a) .
Clay separation was done by the sedimentation method after chemical dissolution (removing carbonate minerals), deflocculation and sedimentation during 3 hours 40 minutes for 200 ml clay suspension. Clay mud was mounted on glass and subjected to air-drying, glycolating (16 h under 60 °C) and heating (4 h under 490 °C) procedures before the XRD studies.
Identification of clay minerals, ordering types (R0, R1, R3) and illite contents of illite-smectite (I-S) were determined by the method of Moore & Reynolds (1997) .
Illite "crystallinity" measurements were performed on the first peaks of illites (10 °A ), as the width of half of the peak height (Kübler index (KI) -Kübler 1968; Guggenheim et al. 2002) . Standard samples of Warr & Rice (1994) were used for calibration (e.g. Bozkaya et al. 2006) . In this study, KI values were obtained from decomposed illite peaks owing to co-existing illite and I-S peaks as broad and asymmetrical shapes. Because of the asymmetrical nature of illite peaks in the presence of I-S, KI values were measured from the symmetrical extension of illite peaks, as reflected from the right sides of the peaks to their left sides. KI values were correlated to full width half maximum (FWHM) results of decomposed peaks from X-ray diffractograms in which illite peaks could be separated from I-S peaks, and an equation (KI = 0.669 FWHM + 0.056, r 2 = 0.82) was obtained for conversion of FWHM to KI values. The 211 peak (2 = 59.97°, d= 1.541 °A ) of quartz was taken as the reference for the measurement of the d 060 values of illites. The regression equation of Hunziker et al. (1986) was used for the octahedral Mg+Fe contents of illite/muscovites. Polytype examinations were investigated for illite and kaolinite through representative peaks proposed by Bailey (1988) . Illite polytype proportions were calculated by peak area ratios of Grathoff & Moore (1996) . Peak areas were individually determined on the fitted peaks by the WINFIT program (Krumm 1996) . Illite percentages in I-S were calculated from Moore & Reynolds (1997) . 2 or d 001 values were detected from the decomposed peaks by the WINFIT program. The results were also correlated with the calculated patterns of the NEWMOD program (Reynolds 1985) .
Results

Optical microscopy
On the basis of representative samples from the PaleozoicLower Mesozoic sequence, the shales and siltstones in the Dada Formation of Late Silurian-Early Devonian age contain quartz, feldspar, sericite, muscovite and high amounts of organic matter in some samples. Shales have sericitized clay matrix and serve micro-lamination (0.3-1.0 mm) and micro-orientation (Fig. 3a) . Limestones with sparitic orthochems include micritic intraclasts and fossil shells. In addition to extraclasts of quartz, feldspar and mica, rare glauconite occurrences were also GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 489-500 observed in the limestone with biosparitic and lithointrabiosparitic composition (Folk 1968) . Carbonate cemented subarkosic sandstones with medium-poor sorting have higher amounts of quartz, feldspar (plagioclase, microcline), biotite, and muscovite than siltstone and mudstones (Fig. 3b) .
In the Lower Devonian Hazro Formation, silica cemented quartz arenites are composed of mainly subangular-subrounded quartz, and scarce feldspar, calcite and zircon, and show poorly sorting. Silty shales and mudstones contain sericitized clay matrix and dolomite cement in addition to quartz and GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 489-500 feldspar grains. Carbonate rocks with sparitic orthochems (dolosparite, dolomitic cherty lithosparite, dololithobiomicrosparite) display coarse subhedral-euhedral dolomite, chalcedonic quartz and glauconite minerals. Algae fragments were marked in the cores of the euhedral dolomite crystals in some samples (Fig. 3c) .
In the Upper Permian Ka Formation, quartz arenites signify no orientation texture, and contain mainly quartz and feldspar and accessory muscovite, tourmaline, zircon and apatite. The groundmass material is formed by iron-oxide minerals (hematite) in some sandstones (Fig. 3d) .
In the Upper Permian Gomaniibrik Formation, the limestones have biomicritic characteristics. The dolomites have coarsegrained sparitic and partly microsparitic dolomite crystals. The medium sorted and poorly cemented sandstones have subangular-subrounded quartz grains without orientation.
In the Yoncal1, Uludere and Uzungeçit Formations of the Ç1gl1 Group of Early-Middle Triassic age, sandy limestones (lithosparite, glauconite-bearing lithosparite and lithobiosparite) cover quartz, feldspar, accessory muscovite, apatite, tourmaline, zircon, goethite and opaque minerals as extraclasts. Spherical-ellipsoidal granular glauconite occurrences within the pores of carbonate rocks are typical of the Triassic units. Limestones (biosparite, glauconite-bearing biosparite) and dolomites (dolosparite, glauconite-bearing biodolosparite, and lithoclast-bearing biodolosparite) contain euhedral and zoned dolomite and glauconite (as pore filling and roundishellipsoidal) occurrences in addition to fossil shells (Fig. 3e) . Sandstones (subarkose, quartz arenite) with sparry calcite cement have mono-and poly-crystalline quartz and feldspar (zoned plagioclase) grains without any orientation (Fig. 3f) .
Scanning electron microscopy
This investigation was performed on the six samples including carbonate and clay minerals. Illites and illite-rich I-S minerals are observed as coarse flakes and ribbon-like filaments (5-10 µm) (Fig. 4a) , whereas illite-poor I-S are seen as relatively fine curved flakes (Fig. 4b) . Hexahedral shaped jarosites and their traces are also noticed together with illite-poor I-S in the coaly shale samples. Kaolinites show the classic platy, pseudohexagonal accordion-or book-like forms indicating typical au- GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 489-500 thigenetic occurrences (Fig. 4c) . The tight package of kaolinite booklets reflects a high grade of diagenesis. Euhedral dolomites show typical rhombohedral morphologies in carbonate rocks (Fig. 4d) . Clay occurrences as thin flakes were shown on the dolomite crystals. Illite was found not only as fine-grained flakes, but also as ribbon-like filaments.
Organic petrography
According to organic petrographic investigations on a shale sample of the Silurian Dada Formation in the Derik area and a coal sample of the Ka Formation in the Hazro area; the main components (macerals) are represented by vitrinite, tellinite and inertinite. Vitrinites are shown as thick and thin bands without any inner texture, whereas tellinites have a plant texture. Inertinites are characterized by light grey colours in addition to plant texture as sieve (Fig. 5) .
VR values in the samples of the Dada and Ka Formations, collected from the Derik and Hazro regions, respectively, are measured as 1.32-2.29 Rm oil % (mean 1.75) and 0.49-0.66 Rm oil % (mean 0.55) for Dada and Ka Formations (Fig. 6) . These values correspond to low volatile bituminous and sub-bituminous coal ranks of USA classification (Teichmüller 1987) , and their coalification ranks are consistent with the catagenesis or high diagenetic grades (Merriman & Frey 1999 ).
X-ray mineralogy
Bulk and clay mineralogy
The Silurian-Triassic sedimentary units in the study area are formed of quartz, feldspar, calcite, dolomite, goethite, hematite, jarosite, gypsum, gibbsite and clay (illite, kaolinite, I-S) minerals. The most common clay mineral associations are illite + I-S and kaolinite + illite + I-S (Fig. 7) . Illite and I-S with different ordering types show the composed peaks with broad and asymmetrical shapes. Individual peaks were decomposed by the WINFIT program, and correlated and/or confirmed by calculated patterns created by the NEWMOD program (Fig. 8) . GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 489-500 According to decomposed peaks and their correlations with calculated patterns, I-S minerals with both R1 and R3 ordering type accompany the illite. The illite contents of R1 and R3 I-S are 70-85 % and 90-95 %, respectively. R0 I-S is rare and found only in two calcareous rocks of Triassic units. Glauconite-bearing samples have R3 type glauconite-smectite (G-S) ordering in addition to glauconite. The smectite contents of G-S from pore-filling authigenic and round-shaped granular types are measured as 13 % and 10 %, respectively.
Crystal-chemical characteristics of clay minerals
The KI values, both measured directly on illite 10 °A peaks and converted from the FWHM values of decomposed illite 10 °A peaks (Fig. 9) , vary between 0.77-1.56 ( 2 °) for Silurian-Triassic samples from the Hazro area (Table 1) , and reflect low and high diagenetic conditions. However, KI values for Silurian samples in the Mardin area range from 0.50 to 0.62 ( 2 °), and indicate completely high diagenetic con- between the formations, some were due to lithological varieties (Fig. 11) . Illites from clay-rich lithologies have generally higher KI values than those of carbonate-rich lithologies. Crystallite size (N) values, calculated from XRD peaks using the WINFIT program, vary between 6 and 14 nm (Table 1) , and indicate low-to high-grade diagenesis. Silurian samples from the Mardin area indicate the highest crystallite size values, reflecting relatively higher diagenetic grades, similar to the KI values.
GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 489-500 (Table 1) , and point to muscoviterich composition (Fe + Mg content is 0.35). The d (060) values of granular and pore-filling glauconites are determined as 1.5092 and 1.5115 °A , respectively, which are close to those of the ideal glauconite (1.512-1.517 °A ; Brindley 1980b).
Illite/I-S shows 2M 1 (35-45 %) and 1M d (55-65 %) polytypes for Permian and older units, and 2M 1 (55 %) and 
Discussion
Vertical distributions of clay minerals
Bulk and clay minerals show relatively different abundances and assemblages in respect to the vertical distributions (Fig. 11) . Quartz and feldspar are found in higher amounts in the Silurian-Lower Devonian units, whereas the dolomite content is high in Middle Devonian-Triassic units. Goethite in Upper Permian-Triassic, hematite and gibbsite in Devonian, jarosite in Devonian-Upper Permian and gypsum in Triassic units are detected. Kaolinite is decisive in the Silurian-Devonian and Upper Permian, whereas I-S is dominant in the Lower Devonian and Triassic in higher amounts. Glauconite is encountered only in Triassic units. The mineralogical distributions in the studied units are related to lithological differences rather than to age and maturation, thus kaolinite is found in higher amounts in the clastic-rich lithologies, but I-S is rich in carbonate-rich lithologies.
Origin and occurrences
Although the abundances of illite and kaolinite depend upon the lithological variations, as kaolinite and illite are respectively dominant in clastic-and carbonate-rich lithologies, they have diagenetic (authigenic) rather than of detrital origin. Their diagenetic origin was confirmed by the presence of glauconite, dominance of sericitized groundmass, the absence or negligible amounts of detrital micas and clay shapes (flake, filament and euhedral pseudo-hexagonal booklets).
In addition to the fabric properties of the studied rock samples, the crystal-chemical characteristics of illite and I-S (KI, dominance of 1M d polytype), illite contents of I-S, firmly packaged kaolinite booklets and vitrinite reflectance data indicate their occurrence under high-grade diagenetic conditions. The peak position ( °A ) and FWHM ( 2 °) values of illite and I-S (R1 and R3) show a regular distribution from R1 I-S to illite; this indicates a progressive transformation of smectite to illite. Thus, the association of illite, R1 and R3 I-S indicates that illites have a diagenetic origin rather than being inherited from fine-grained detrital micas. This approach was also confirmed by the presence of I-S in quite low amounts in the clastic-rich lithologies.
Glauconite firstly detected in Triassic rocks during this study is an indicator for marine environments (e.g. Tucker 2001; Flügel 2004) , and indicates a relatively shallow environment (shelf) with a low-rate of sedimentation (Amorosi 1995; Chafetz & Reid 2000; El Albani et al. 2005) . It is observed within the pores in the carbonate-rocks and roundish or ellipse-shaped intra-clastic particles in the extraclast-bearing carbonate rocks. These textural relationships indicate the glauconites were developed in-situ (authigenic) and transported within the same basin (e.g. Amorosi 1993 ). According to mineralogical variations of the different types of glauconites (Fig. 3e) , they have a relatively regular ordering compared to transported glauconites because of the defecting crystal-chemical structures during transportation. Additionally, the current and ancient glauconite-bearing carbonate rocks have significant differences that limit a decisive use of the medium shelfdeep water or low-sedimentation-rate environments (e.g. Chafetz & Reid 2000; El Albani et al. 2005) .
Paleogeographic and tectonic settings
The studied series reflect almost homogeneous deposition and lithification under low-to high-grade diagenetic conditions. In these types of sequences, which had not suffered intense diagenesis/metamorphism, the vertical and lateral distributions of clay minerals can be used to describe the depositional history of the sedimentary rocks (e.g. Chamley 1989; Ingles & Anadon 1991; Ingles & Ramos-Guerrero 1995) . In general, clay mineral assemblages in ancient sequences are controlled by lithology, depositional environments, paleoclimate and topography, etc. Clay mineral associations (kaolinite, illite/I-S, glauconite) in the PaleozoicLower Mesozoic sequence in the Hazro area mainly exhibit post-burial (diagenetic) conditions rather than detrital input. According to optical-and electron-microscopic observations, both kaolinite and I-S are completely of authigenetic origin, and were precipitated within the pores during diagenesis. The dominance of kaolinite seems to be related to a depositional environment close to low latitudes under tropical climate conditions (e.g. Biscaye 1965; Griffin et al. 1968) .
Stratigraphic-lithological, textural and mineralogical data from the Paleozoic-Lower Mesozoic sedimentary units in the Hazro area introduce the sediment accumulation and diagenesis in a shallow marine environment without major volcanic and tectonic activities. Inorganic and organic maturation remains at the diagenetic level, which indicates the typical passive margin conditions (e.g. Robinson 1987 ). In addition to these, iron-(hydr)oxide minerals, phengitic illite and glauconite occurrences represent iron-rich neoformed clays, which are also characteristic for shallow shelf environments within the passive continental marginal basins (Merriman 2005) . Both stratigraphic-lithological and mineralogical characteristics of the sequence offer significant similarities to the Paleozoic-Mesozoic sequence of the Eastern Tauride Belt (Bozkaya et al. 2002; Bozkaya & Yalçôn 2004b) , that represents a typical passive continental margin.
Conclusions
The Silurian-Triassic sequence from the Hazro region includes carbonate and clastic rocks with roughly fabric orientation parallel to bedding without cleavage, which shows textural maturation of diagenetic grade. According to mineralogical data, the carbonate and clastic rocks mainly contain calcite, dolomite, feldspar, goethite and phyllosilicate (kaolinite, illite, I-S, glauconite), and rarely gypsum, jarosite, hematite and gibbsite. The vertical distributions of minerals are seen to be related to lithology rather than diagenetic maturation. The presence of hematite-jarosite in the Silurian-De-è è vonian and goethite and gypsum in the Permian-Triassic units indicate that oxidation or shallow environmental conditions are dominant for the younger units.
Regarding the clay mineralogical distribution, clastic-rich lithologies (sandstone, siltstone) contain high amounts of authigenetic euhedral kaolinite crystals as cement and pore filling that indicate a period of erosion under high energy conditions with high detrital input and indirectly the relatively low pH conditions. However, carbonate-rich lithologies (dolomite, limestone, marl) represent relatively low-energy conditions with sporadic detrital input under the high pH condition, so they contain high amounts of I-S. In other words, the organic data and crystal-chemical characteristics of phyllosilicate minerals indicate high diagenetic conditions and show no remarkable differences through the sequence.
Consequently, mineralogical distributions in the sequence are related to variations of lithological and/or micro-environmental conditions, and the units were deposited and petrified on a passive margin setting under tropical climate conditions, so that they resemble the Eastern Taurus Autochthon (Geyikdag1 Unit, Özgül 1976) from southern Turkey.
